To examine the consequences of nigrostriatal denervation and chronic levodopa (L-DOPA) treatment on functional activity of the basal ganglia, we analyzed, using in situ hybridization, the cellular expression of the mRNA encoding for cytochrome oxidase subunit I (COI mRNA), a molecular marker for functional neuronal activity, in the basal ganglia. This analysis was performed in monkeys rendered parkinsonian by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication, some of which had been receiving L-DOPA, and in patients with Parkinson's disease (PD). In MPTP-intoxicated monkeys compared with control animals, COI mRNA expression was increased in the subthalamic nucleus (STN) and in the output nuclei of the basal ganglia, i.e., the internal segment of the globus pallidus and the substantia nigra pars reticulata. This increase was partially reversed by L-DOPA treatment. COI mRNA expression remained unchanged in the external segment of the globus pallidus (GPe). In PD patients, all of whom had been treated chronically by L-DOPA, COI mRNA expression in the analyzed basal ganglia structures was similar to that in control subjects. These results are in agreement with the accepted model of basal ganglia organization, to the extent that the output nuclei of the basal ganglia are considered to be overactive after nigrostriatal denervation, partly because of increased activity of excitatory afferents from the STN. Yet, our results would also seem to contradict this model, because the overactivity of the STN does not seem to be attributable to a hypoactivation of the GPe.
The progressive loss of dopaminergic neurons in the substantia nigra pars compacta occurring in Parkinson's disease (PD) provokes a cascade of functional changes in the basal ganglia circuitry, which are though to participate in the development of the symptoms of the disease (Albin et al., 1989; Crossman, 1989; Alexander and Crutcher, 1990; DeLong, 1990) . Indeed, as a result of dopaminergic nigrostriatal denervation, the activity of the basal ganglia output nuclei, the internal segment of the globus pallidus (GPi), and the substantia nigra pars reticulata (SNpr) is increased by two simultaneous but distinct mechanisms: first, hypoactivation of a direct inhibitory input from the striatum, and second, an increase in excitatory input from the subthalamic nucleus (STN), which is thought to result from release of the tonic inhibitory control normally exerted by the GABA-containing neurons in the external segment of the globus pallidus (GPe) on STN neurons. The increased activity of GPi and SNpr neurons, which mainly project to the thalamus and use the inhibitory amino acid GABA as a transmitter, leads in turn to an increased inhibition of thalamocortical neurons, which are excitatory and probably glutamatergic. It is thought that this decreased thalamocortical feedback is responsible for many of the clinical manifestations of PD (Albin et al., 1989; Crossman, 1989; Klockgether and Turski, 1989; DeLong, 1990) .
Changes in the functioning of the basal ganglia circuitry after nigrostriatal denervation have been detected by electrophysiological recordings (Wichmann and DeLong, 1993) , metabolic studies using the 2-deoxyglucose method (Mitchell et al., 1989) , and biochemical analyses. Most of these biochemical studies were based on the estimation of the cellular expression of the messenger RNA coding for the 67 kDa isoform of glutamic acid decarboxylase (GAD 67 mRNA), the synthetic enzyme of GABA, as an indirect marker of GABAergic activity within the basal ganglia, because most basal ganglia structures use GABA as neurotransmitter (Soghomonian and Chesselet, 1992; Chesselet et al., 1993; Soghomonian et al., 1994; Levy et al., 1995; Herrero et al., 1996; Vila et al., 1996a) . More recently, another biochemical marker has been introduced to study the changes in the overall metabolic activity of the different basal ganglia structures after nigrostriatal denervation in 6-hydroxydopamine-lesioned rats (Porter et al., 1994) and in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated monkeys (Vila et al., 1996b) . This method is based on the regional analysis of the histochemical activity of cytochrome oxidase (CO), the terminal enzyme in the mitochondrial electron transport chain, because several studies have indicated that CO activity is linked directly to neuronal activity (for review, see Wong-Riley, 1989) . This method allows an analysis of global changes in functional activity of neurons, even when markers of the neurotransmission are not available; however, the relative contributions to regional CO histochemical activity of cell bodies and dendrites of intrinsic neurons or terminals from afferent neurons still remain to be determined. Unlike CO enzymatic activity that is expressed in neuronal perikarya, dendrites, and terminals, the mRNA coding for both nuclear and mitochondrial subunits of CO is concentrated mainly in neuronal cell bodies (Hevner and Wong-Riley, 1991) . In this study, we analyzed specifically the functional activity of intrinsic neurons in the output system of the basal ganglia and in two basal ganglia regulatory structures, the STN and the GPe, after nigrostriatal denervation, using the expression of the messenger RNA coding for CO mitochondrial-derived subunit I as a marker for neuronal activity at the cellular level. This study was performed by quantitative in situ hybridization in monkeys rendered parkinsonian by MPTP intoxication, some of which had been receiving L-DOPA, and in patients with PD, all of whom had been receiving L-DOPA treatment.
MATERIALS AND METHODS
Experimental animals. All studies were carried out in accordance with the Declaration of Helsinki and the Guide for the Care and Use of Laboratory Animals adopted and promulgated by National Institutes of Health.
Ten adult cynomolgus monkeys (Macaca fascicularis; purchased from Charles River), aged 8 -10 years, were studied. Three neurotoxin-free animals were used as controls, and the other seven received chronic treatment with high doses of MPTP (0.5 mg/kg MPTP hydrochloride/ 0.9% sodium chloride, i.v., once a week, under ketamine anesthesia) until a stable parkinsonian syndrome was achieved (cumulative doses: 0.5-5.3 mg/kg). Three MPTP-intoxicated monkeys received L-DOPA therapy. L-DOPA (50 mg/kg, p.o.) was given twice a day, starting immediately after MPTP treatment had been completed and until the animals were killed. L-DOPA therapy improved the motor status of the animals and provoked dyskinesias. The animals were killed 90 d after the acute effect of the last MPTP injection, to ensure the absence of any motor recovery.
Human subjects. The study was performed on postmortem brain tissue from four control subjects with no history of neurological or psychiatric illness and from four patients with idiopathic Parkinson's disease. All parkinsonian patients had been treated with L-DOPA, at a mean daily dose ranging between 200 and 1250 mg at the final stage of the disease. In all patients, motor disability was improved by long-term L-DOPA therapy. The diagnosis of Parkinson's disease was confirmed on neuropathological examination by the presence of Lewy bodies in the substantia nigra and locus ceruleus and by severe neuronal loss in the substantia nigra.
There were no significant differences between controls and parkinsonian patients in terms of mean age at death (controls, 82.3 Ϯ 3.7 years; parkinsonian patients, 73.7 Ϯ 3.2 years) and interval from death to freezing (controls, 18.5 Ϯ 2.3 hr; parkinsonian patients: 19.4 Ϯ 3.6 hr).
Tissue preparation. Immediately after death in monkeys and within 2 hr of autopsy in humans, the brains were hemisected along the midline, and the brainstem was removed from the rest of the brain. The cerebral hemispheres were cut into 1.5 cm slabs along the frontal plane. Blocks containing the pallidal complex were dissected from the slabs and together with the brainstem were frozen rapidly in powdered dry ice. Twenty-micron sections were cut at Ϫ20ЊC, with use of a cryostat (Reichert, Heidelberg, Germany), in the frontal plane for the pallidal complex and transversely for the mesencephalon. Sections were thawmounted on gelatin-double-coated slides and stored at Ϫ80ЊC until they were processed.
In situ hybridization. In situ hybridization with a [ 35 S]-labeled cRNA probe was performed as described previously (Chesselet et al., 1987; Javoy-Agid et al., 1990) . A cRNA probe was synthesized from a doublestranded DNA fragment, corresponding to nucleotides 5999 -6925 of the human mitochondrial genome (EMBO databank, reference MIHSCG) within the gene coding for CO subunit I (COI), produced by PCR and subcloned in the pGEM-T vector (Promega, Madison, WI). Sense and antisense probes were transcribed from 1 g plasmid, as described by Fontaine et al. (1988) .
Unfixed slide-mounted frozen sections were post-fixed for 5 min in 3% paraformaldehyde (w/v) and then acetylated with 0.25% acetic anhydride in 0.1 mM ethanolamine, followed by 0.1 M Tris-glycine treatment for 30 min and dehydration through graded ethanols. Sections were incubated for 3.5 hr at 50ЊC in a humid chamber with 50 l of hybridization solution containing either the antisense or the sense [
35 S]-labeled cRNA probe (2.5 ϫ 10 6 cpm). After hybridization, sections were washed at 50ЊC in 50% formamide/2ϫ SSC, incubated for 30 min at 37ЊC with RNase A (100 g/ml in 2ϫ SSC) to digest unhybridized probe, rinsed again at 50ЊC in 50% formamide/2ϫ SSC, and then washed overnight at room temperature. After a final rinse in 2ϫ SSC, the sections were dehydrated in graded ethanol solutions (70, 80, and 95%) prepared with 300 mM ammonium acetate, delipidated in xylene, rinsed in ethanol 100%, and air-dried. Autoradiograms were generated by exposing the slides to x-ray films (Hyperfilm ␤max; Amersham, Arlington Heights, IL) for 1 d to 3 weeks at room temperature. Sections were then dipped in NTB-2 emulsion (Kodak, Integra Biosciences), diluted 1:1, air-dried, and stored at 4ЊC in lightproof boxes for 1-8 weeks. Exposed slides were developed in Kodak D-19 for 4 min at 15ЊC, and counterstained with hematoxylin 0.1% (w/v) to localize cell nuclei. Each experiment was duplicated, each time using two sections per subject for each labeling and a newly synthesized probe.
Data analysis. Results were quantified by computer-assisted image analysis (Histo 200, Biocom). The number of silver grains over the neuronal cell body was estimated under polarized light by measuring optical density with respect to a standard curve of a defined number of silver grains. Grain density (number of silver grains per surface area of the neuron) was then calculated. Nonspecific labeling was estimated with sense probes. Background labeling, estimated at a distance from labeled cells, was subtracted from total labeling.
In both monkeys and humans, the analysis was performed in the GPi, the GPe, the STN, and the SNpr, on 50 randomly distributed labeled neurons per structure. Mean values of COI mRNA expression level were obtained for the whole structures as well as for five arbitrarily subdivided medial to lateral subregions. The striatum was not analyzed, because it is composed of several populations of neurons belonging to different neuronal systems (interneurons, neurons from the direct and indirect pathways) that require identification of the different types of neuron.
To delimit the boundaries of the different basal ganglia structures, acetylcholinesterase histochemistry was performed on adjacent sections according to the Geneser-Jensen and Blackstad method, as modified by Graybiel and Ragsdale (1978) .
Statistical analysis in monkeys and humans was performed by two-way ANOVA, taking as factors the different group of monkeys (controls, MPTP-intoxicated, and MPTP-intoxicated treated by L-DOPA) or humans (control subjects, parkinsonian patients), the regions studied, and the group-region interaction, and was followed by post hoc analysis for intergroup comparisons. The null hypothesis was rejected at an ␣ risk of 5%. Separate analyses were performed for monkeys and for humans. All of the analyses were performed blind to the source of the tissue.
RESULTS

Pattern of COI mRNA expression
The antisense COI cRNA produced a specific and reproducible pattern of hybridization in monkeys and humans, although the autoradiographic signal was less intense in monkeys than in human autopsy material, both on film autoradiograms and on emulsioned sections. In both monkey and human controls, the signal at the regional level on autoradiographic films was more intense in the SNpr and STN than in the globus pallidus (Fig. 1) . At the cellular level, on emulsion-coated sections, COI mRNA expression was highest in the globus pallidus, intermediate in the SNpr, and lowest in the STN (Figs. 2, 3) . Control sections, which were hybridized with the sense probe, did not show labeling above uniform background levels on the film autoradiograms or, at the microscopic level, on the emulsion-coated sections. Exposure time was shorter for human material (7-10 d) than for monkeys (3-4 weeks). Examination of hematoxylin-counterstained sections at high magnification using bright-field optics showed that COI mRNA was concentrated in the neuronal cell bodies, whereas glial cells contained little of the transcript. 
COI mRNA expression in MPTP-intoxicated monkeys
In MPTP-intoxicated monkeys, mean silver grain density over the labeled cells was significantly increased compared with that of control animals (F (2,28) ϭ 21.47; p ϭ 0.0001). Inter-regional differences were not statistically significant. In MPTP-intoxicated monkeys, COI mRNA expression was increased markedly in the STN compared with control animals (ϩ100%; p Ͻ 0.01) and in the output nuclei of the basal ganglia: GPi (ϩ91%; p Ͻ 0.05) and SNpr (ϩ104%; p Ͻ 0.01). In the GPe, COI mRNA expression tended to be increased in MPTP-intoxicated monkeys compared with control animals, even if it was not statistically significant (ϩ66%; p ϭ 0.06). L-DOPA therapy partially reversed the increased COI mRNA expression in the output nuclei of the basal ganglia, with a minor effect on STN activity (Table 1, Fig. 2 ). No differences in COI mRNA expression were found between the medial and lateral subdivisions of the studied regions.
COI mRNA expression in parkinsonian patients
In patients with PD, who had all been treated chronically by L-DOPA, COI mRNA expression was similar to that of control subjects in all of the basal ganglia structures analyzed (F (1,22) ϭ 2.32; p ϭ 0.14) (Table 1, Fig. 3 ) and in their subdivisions. Consequently, no post hoc analysis was performed, even if in the STN an increase in COI mRNA expression was found in parkinsonian patients compared with control subjects (ϩ74%) (Table 1, Fig. 3 ).
DISCUSSION
Specificity of the labeling
The specificity of the in situ hybridization signal in the monkey and in humans is supported by (1) the low levels of diffuse background labeling obtained with the sense probe, contrasting with the high labeling observed with the antisense probe in the different basal ganglia structures of both monkeys and humans; (2) the similar intensity and regional distribution of the labeling on duplicate sections in the same experiments and in independent experiments; (3) the localization of the silver grains, at the light microscopic level, over neuronal perikarya in sections hybridized with the antisense probe and the low level of expression of COI mRNA in glial cells, as described previously by Hevner and Wong-Riley (1991) ; and (4) the regional distribution of labeling obtained with the antisense probe, corresponding to that described previously in rat, monkey, and human brains for COI mRNA, CO activity, and CO protein Wong-Riley, 1991, 1995; Vila et al., 1996b) . In both monkey and human controls, the signal at the regional level on autoradiographic films was more intense in the SNpr and STN than in the globus pallidus, in agreement with the regional distribution of CO histochemical activity described previously in rat, monkey, and human brains (Hevner and Wong-Riley, 1995; Vila et al., 1996b) . This heterogeneous distribution on film autoradiograms probably results from differences in cell density in the various structures analyzed. On emulsioned sections, COI mRNA expression at the cellular level in both monkey and human controls was highest in the globus pallidus, intermediate in the SNpr, and lowest in the STN, in agreement with the reported spontaneous activity of these structures detected by electrophysiological recordings (Miller and Delong, 1987; Wichmann et al., 1994) .
Significance of COI mRNA expression
The use of the mitochondrial enzyme CO as a metabolic marker for neuronal functional activity is now well established (for review, see Wong-Riley, 1989) . Indeed, the activity of this enzyme is regulated by changes in the synaptic firing pattern (Hevner et al., 1992) , and it is responsive to alterations in neuronal activity (Wong-Riley et al., 1978; Wong-Riley, 1979; Wong-Riley and Welt, 1980; Wong-Riley and Carroll, 1984; Hevner and WongRiley, 1991; Porter et al., 1994; Vila et al., 1996b) . Experimentally induced changes in CO activity are accompanied by parallel changes in CO protein levels and nuclear-and mitochondrialencoded CO subunit mRNA levels Wong-Riley, 1990, 1991) . Thus, it is likely that CO activity is regulated mainly at the level of protein amount rather than molecular activity, implying that regulation of gene expression is the primary mechanism of CO activity regulation in neurons (Hevner and WongRiley, 1991) . Mammalian CO is composed of 13 subunits, three of which (I, II, and III) are encoded by mitochondrial genes and the other 10 by nuclear genes (Kadenbach et al., 1983 (Kadenbach et al., , 1987 . The catalytic core of the enzyme is composed mainly of the mitochondrially synthesized subunits, whereas the function of the nuclearencoded subunits is unclear (Wong-Riley, 1989) . Even if CO biosynthesis involves the coordinated expression of the two genomes, it has been reported that in neurons, mitochondrialderived subunit I mRNA is regulated more tightly by neuronal activity than nuclear-encoded CO subunits (Hevner and WongRiley, 1993) and is therefore a reliable index, on histological preparations, of the relative activities of different populations of neurons. Other markers have also been used to study energy metabolism in the brain, particularly 2-deoxyglucose (2-DG) autoradiography (Porrino et al., 1987; Mitchell et al., 1989 Mitchell et al., , 1992 . Even if both CO and 2-DG are positively related to neuronal activity, there is a little correlation between the two methods. This apparent discrepancy may relate to inherent technical differences between both methods rather than indicate different patterns of neuronal activity. Indeed, compared with 2-DG autoradiography, the expression of COI mRNA (1) reflects the oxidative metabolic needs during a longer lasting period of neuronal activity than 2-DG uptake, (2) is related to functional activity of intrinsic neurons rather than terminals from afferent neurons, and (3) allows an analysis at the cellular level. Thus, COI mRNA expression can be considered a good index of steady-state long-term functional activity at the cellular level in specific areas of the brain.
Expression of COI mRNA in the basal ganglia of MPTP-intoxicated monkeys
In MPTP-intoxicated monkeys, the expression of COI mRNA was significantly increased compared with control animals in neurons of the STN and the output nuclei of the basal ganglia, GPi and SNpr, suggesting that their activity increased after nigrostriatal denervation. The increase in COI mRNA expression was partially reversed by L-DOPA therapy in the affected structures, confirming its modulation by dopaminergic input. These results are in agreement with the accepted model of basal ganglia organization, in which the basal ganglia output nuclei are considered to become hyperactive after nigrostriatal denervation, partly because of increased stimulation by excitatory afferents from the STN (Miller and DeLong, 1987; Albin et al., 1989; Mitchell et al., 1989; DeLong, 1990; Wichmann and DeLong, 1993; Bergman et al., 1994) , as a consequence of the hypoactivation of GABAergic neurons of the GPe. In our study, however, COI mRNA expression not only was not decreased in the GPe of MPTP-intoxicated monkeys, but it even tended to be increased compared with control animals. This may reflect an increased excitatory influence to the GPe arising from the hyperactive STN. The effect of dopaminergic lesions on the GPe is highly controversial (for reviews, see Chesselet and Delfs, 1996; Levy et al., 1997) . In agreement with our results, several studies previously reported unchanged or even increased levels of GAD 67 mRNA in the GPe after nigrostriatal denervation in 6-hydroxydopamine-lesioned rats (Kincaid et al., 1992; Soghomonian and Chesselet, 1992) and MPTP-intoxicated monkeys (Soghomonian et al., 1994; Herrero et al., 1996) . At the electrophysiological level, even if a decreased neuronal activity in the GPe of MPTP-intoxicated monkeys has been reported (Miller and DeLong, 1987; Filion and Tremblay, 1991) , other studies in monkeys and rats did not find any decrease, or found only a slight but not statistically significant decrease, in the tonic activity of GPe neurons after destruction of the nigrostriatal pathway (Filion, 1979; Montgomery et al., 1985; Pan and Walters, 1988; Hassani et al., 1996) . Moreover, Hassani et al. (1996) showed in rodents that removal of pallidal input to the STN by the direct destruction of the globus pallidus (the rodent homolog of GPe) induced only a slight increase in the firing rate of subthalamic neurons (ϩ19.5%), compared with that caused by lesion of nigral dopaminergic pathway with 6-hydroxydopamine (ϩ105.7%). Taken together, these data suggest that the overactivity of the STN after loss of dopaminergic innervation is not mediated solely by the GPe, consistent with our results. An alternative explanation accounting for the STN hyperactivity occurring in parkinsonism is needed. According to anatomical and biochemical data, one may hypothesize that the excitatory corticosubthalamic and /or thalamosubthalamic projections might contribute to the increased activity of STN neurons after nigrostriatal denervation. The excitatory glutamatergic projection from the centromedian-parafascicular nucleus of the thalamus to the STN has been reported to drive the spontaneous subthalamic firing rate (Mouroux and Féger, 1993; Mouroux et al., 1995) . It has also been hypothesized that dopaminergic depletion could lead to increased activity of the excitatory glutamatergic projection from the cerebral cortex to the STN (Hassani et al., 1996) . Another possibility is that dopamine depletion might directly affect STN activity (Delfs et al., 1995; Chesselet and Delfs, 1996; Levy et al., 1996) . Indeed, anatomical and pharmacological data indicate that STN neurons can be regulated by a direct dopaminergic projection from the substantia nigra pars compacta (Parent and Lavoie, 1993; Johnson et al., 1994; Ruskin and Marshall, 1995; Kreiss et al., 1996) ; however, the effect of the release from this dopaminergic innervation remains controversial (Campbell et al., 1985; Mintz et al., 1986; Johnson et al., 1994) . Thus, little is known about the functional modifications occurring in these circuits after dopaminergic denervation, and more studies are needed to clarify this point. The understanding of subthalamic function regulation is all the more important, because it is likely that STN hyperactivity plays a critical role in the pathophysiology of PD. Indeed, it has been demonstrated that subthalamotomy or inhibitory subthalamic stimulation can ameliorate the clinical symptomatology of PD (Bergman et al., 1990; Aziz et al., 1991; Sellal et al., 1992; Benazzouz et al., 1993; Guridi et al., 1996) .
Expression of COI mRNA in the basal ganglia of parkinsonian patients
As in MPTP-intoxicated monkeys receiving L-DOPA, COI mRNA expression in the basal ganglia structures of patients with PD, all of whom had been treated chronically with the drug, was unchanged compared with control subjects. This is consistent with previous studies using histochemical evaluations of CO activity or the levels of expression of GAD 67 mRNA to assess the activity of neurons in the basal ganglia of PD patients compared with control subjects (Levy et al., 1995; Herrero et al., 1996; Vila et al., 1996a,b) ; however, COI mRNA levels in the STN of parkinsonian patients were increased compared with control subjects, although the increase did not reach the level of significance observed in MPTP-intoxicated monkeys. A likely explanation is that L-DOPA modifies GPi and SNpr through both the STN and the direct striato-pallido-nigral circuit, thus having a more profound effect on GPi and SNpr than on STN. It is possible that the partial failure of L-DOPA to normalize STN activity in PD might account for the persistence of some motor problems, such as freezing of gait.
Alternatively, chronic nigrostriatal denervation in PD, compared with acute denervation in MPTP-intoxicated monkeys, might result in normalization of COI mRNA expression in parkinsonian patients. Indeed, GABAergic activity in the SNpr and GPi of 6-hydroxydopamine-lesioned rats spontaneously returned to control levels after a transient increase (Vernier et al., 1988) . Thus, it may well be that the activity of the STN and basal ganglia output structures increases transiently at early stages of the disease and tends to normalize as the disease evolves. The combination of chronic nigrostriatal denervation and chronic L-DOPA therapy thus may lead to an unchanged COI mRNA expression in the basal ganglia of parkinsonian patients.
In summary, we have shown that COI mRNA expression is a useful marker for neuronal activity in the basal ganglia of both monkeys and humans. Our findings provide further support for the existence of increased activity of the GPi and SNpr in the parkinsonian state and for the crucial role of the STN as a driving force in the basal ganglia. 
